Two-zone fluidized bed reactors, devices to carry on two reactions in a single reactor, have been widely studied in our group. This work summarizes the developments achieved after a previous review published in 2005 and shows how this technology can be applied in a wide variety of reactions. The advantages for each kind of process are discussed, as well as several proposals for improvement of the reactor aimed to achieve new functions or to improve the process performance. Finally, the possibilities of this kind of reactors at industrial scale are discussed.
Introduction
A two-zone fluidized bed reactor (TZFBR) is a device in which two chemical reactions are made simultaneously: one of the reactions is carried in the upper zone and other reaction in the lower zone. The formation of two zones with different reaction environment is achieved by feeding two streams with different composition, one of them to the bottom of the fluidized bed and the other to an intermediate point of the fluidized bed. The difference with the conventional fluidized bed reactor is shown as the comparison of Figure 1a and Figure 1b . The gas bubbles, as is usual in fluidized beds, transport solid between the two zones, in such a way that each particle alternatively remains some time in each zone. Although other systems have been described in literature where there is a transport of solid between fluidized beds, as reviewed in [1] , the TZFBR is different because it creates two zones, making a different reaction in each zone, in a single vessel. In a previous review [2] we presented the developments made in our group in the field of TZFBRs. The different kinds of reactions to which the TZFBR was applied, as was described in that review, are shown in Table 1 . These reactions can be divided in two groups: a) Reactions in which the catalyst acts as oxygen carrier, e.g. oxidative coupling of methane. In that case the catalyst is oxidized with oxygen in the lower part of the reactor and the catalyst transports oxygen in the crystalline lattice to the upper part of the reactor, where a desired catalytic oxidation is carried out using the oxygen from the solid structure (thus reducing the solid); b) Reactions in which the catalyst is deactivated by coke during the desired reaction, e.g. alkane dehydrogenation. In that case the catalyst is regenerated by an oxidizing gas in the lower zone of the reactor. The catalyst transports coke from the reaction zone to the regeneration zone.
The articles included in that revision showed how the use of a TZFBR can provide significant advantages over conventional reactors. In some cases it was possible to counteract the catalyst deactivation and achieve steady state operation in the TZFBR, while conversion continuously decreased in a conventional reactor. In other cases the TZFBR allowed the operation with higher oxygen/hydrocarbon ratio than a conventional reactor with cofeeding of reactants, because it avoided the premixing of reactants that could generate explosive mixtures. In some cases the TZFBR provided higher selectivity to the desired product for a given degree of conversion than the conventional reactor.
The modeling of this type of reactors was started using a simple mathematical model [3] based on the Kunii-Levenspiel model [4] for fluid dynamics of fluidized beds, but accounting for the reaction kinetics for the main reaction, the catalyst deactivation, the kinetics for the coke removal and the solid transport between the reaction and the regeneration zones.
Although most of the work in TZFBR has been developed at the University of Zaragoza, several groups have started to test this kind of reactor and have confirmed that the TZFBR can sometimes provide advantages over conventional reactors. Talebizadeh et al [5] have shown the use of this reactor for oxidative coupling of methane. These authors found improved selectivity to the desired products in the TZFBR over the conventional reactor. This is interesting because in our previous work [6] such improved selectivity was not achieved with another catalyst, although it was possible to have separate zones for the catalyst oxidation and the oxidative coupling reaction. Also Rischard et al [7] [8] have found that with one of the tested catalysts the TZFBR provides improved selectivity in oxidative dehydrogenation of butane to butadiene. It is remarkable that the improved selectivity was not obtained with all the tested catalysts, which shows the need to test for each specific application and catalyst if the TZFBR improves the yield to the desired product. Finally, the use of TZFBR has also been proposed [9] for the decomposition of maleic anhydride.
The next section will show the developments made by our group in the field of TZFBR, both checking the feasibility of its use in new reactions and reactor configurations, and in new contributions to the modeling of this kind of reactors.
2.
Recent developments
New reactions Methane Steam Reforming
Methane steam reforming (MSR) is currently the main industrial process for hydrogen production. Coke formation may be a problem in this process if it operated with low steam/carbon ratio. Although some procedures have been proposed to reduce carbon formation [10] [11], the risk of carbon formation is still a major issue in industrial reactor operation. The usual way to avoid this risk is to operate with high steam/carbon ratio, but this procedure implies high energy consumption. We have found [12] that steady state operation in a TZFBR is possible, carrying out the desired reaction (i.e. steam reforming) in the upper zone and using steam to fluidize the lower zone and also as regenerating agent. In that case, the removal of coke is made by steam instead of oxygen. In that way, it is possible to operate in steady state with a feed (considering the sum of the two feeds in the TZFBR) that would cause catalyst deactivation in a conventional reactor. A wide study of the operating conditions, showed they effect on hydrogen yield, as well as the operation limits to obtain steady state operation [13] . The use of water as regenerating agent was a main novelty of this work, since in previous works we always used oxygen as the reactant for coke removal. Figure  2 shows the stability achieved in MSR, as well as in other processes that will be mentioned below.
Ethanol steam reforming
Steam reforming of ethanol has been proposed [14] [15] [16] [17] as a suitable procedure to produce hydrogen from a high density fuel, which in addition can be obtained from renewable sources. This could be applied in mobile applications, e.g. as the source of hydrogen to be employed in fuel cells for cars, or other applications where the amount of hydrogen needed is not too high, but there is not natural gas available (e.g. remote locations). A problem of this reaction is the high tendency towards coke formation if the steam/ethanol ratio is not high enough. It is obvious that the operation with high steam/ethanol ratios implies a high energy consumption to produce steam, and if water should be transported that would mean an additional expense. We have shown [18] that steam reforming of ethanol can be performed under operating conditions that would cause coke formation in a conventional reactor, by using a TZFBR. This application is quite similar to the methane steam reforming previously shown.
Hydrogen purification by PROX
Hydrogen produced industrially by steam reforming, even after a stage of water gas shift to decrease the CO concentration, contains small amounts of CO that must be removed to achieve the quality required in a PEM fuel cell. One of the existing procedures to remove these traces of CO is the PReferential OXidation (PROX) reaction, in which CO is oxidized with oxygen in the presence of a selective catalyst [19] [20] [21] . Obviously, oxygen can also react with hydrogen, which is present in much higher concentration than CO, which implies an undesirable consumption of hydrogen. Usually an amount of oxygen larger than the stoichiometric one required for the removal of CO is feed, in order to compensate the oxygen lost in hydrogen combustion. The closer the amount of oxygen to the stoichiometric amount required for CO combustion, the higher the catalyst selectivity. We have shown [22] that a selective oxidation of CO can be obtained by using a TZFBR. Probably this improved selectivity is achieved because the reaction is carried by using, at least in part, oxygen from the catalyst structure instead of oxygen from gas phase. This would be an application in which the catalyst acts as oxygen carrier between the lower zone of the reactor, where the catalyst oxidation is produced and the upper zone, where the desired reaction is carried out.
Benzene oxidation to phenol
The direct oxidation of benzene to phenol has been the target of many researchers [23] [24] [25] . A catalyst able to achieve this reaction in a single step would be very useful, because it would avoid the cumbersome process currently employed. We have found that the TZFBR can be employed for this reaction, and that the product distribution drastically changes depending on the operation conditions [26] . However, the achieved conversions were too low, and an industrial process does not seem to be feasible, at least with the catalyst employed in that work.
Methane aromatization
The production of liquid fuels from natural gas has a strong economic potential. Some industrial processes that are already being employed are the production of diesel fuel by Fischer-Tropsch process and methanol production. Transformation of methanol to olefins is employed in several industrial plants in China. Another process with great potential is the direct transformation of methane to benzene. Although numerous attempts to achieve a catalyst that does not suffer deactivation by coke have been published [27] since the original work of Wang et al. [28] , this problem has not been solved. We have found [29, 30] that a TZFBR can be employed for methane aromatization, by feeding a small amount of oxygen to the bottom of the reactor. In this way, steady state operation was achieved, compensating the catalyst deactivation, which is one of the main hindrances that avoid the industrial deployment of this process.
Cleaning of biomass gasification product
The gas obtained by biomass gasification contains hydrogen and carbon monoxide, making it suitable for liquid fuels production, but contains a too large amount of tar. The use of a TZFBR as a way to clean this stream has been tested experimentally [31] . The gas from the gasification reactor was depleted from tar, which was deposited on the surface of the catalyst in the upper zone of the TZFBR. Simultaneously, tar was removed in the lower zone of the TZFBR.
New reactor configurations

Two-sections TZFBR
The bed diameter was the same in the lower and in the upper zone in the first designs of TZFBR. This fact implied the need for a large gas flow in the lower zone to keep it fluidized, and a much larger flow in the upper zone, since the reactant feed introduced at a central point of the reactor was added to the flow coming from the bottom zone. The flow of gas needed to keep the bottom zone fluidized was larger than the one needed to regenerate or oxidize the catalyst. We have proposed [28, 29] a change in the design of the reactor based on the use of two sections with different diameter. This configuration is represented in Figure 1b . The advantage of this design is that it allows operating with a lower flow in the lower zone, which can be adapted to that need for regeneration or catalyst reoxidation, usually much lower than the flow of the main reactant.
TZFBR with membranes
Membrane reactors are a well-known case of process intensification, since they combine in one single equipment a chemical reaction and the separation achieved with the membrane [32, 33] . In one of the most studied types of membrane reactor the membrane removes one of the reaction products from the catalyst bed, helping to achieve higher conversion, often higher than that corresponding to the thermodynamic equilibrium in a conventional reactor. A wellknown example is the use of palladium membrane reactors to remove hydrogen in reactions where it is one of the products. A problem that is often found in this type of reactors is that the removal of hydrogen increases the catalyst deactivation by coke [34] . We have proposed to combine a TZFBR with a palladium membrane. This configuration is represented in Figure  1c . Although fluidized bed reactors with palladium membranes had been described [35] , the advantage of the combination with TZFBR consists in the simultaneous regeneration, which makes possible the steady state operation in conditions where a conventional membrane reactor would suffer deactivation by coke. The combination of TZFBR with membranes (TZFBR+MB) is an outstanding case of process intensification, since it allows making three simultaneous operations in one single device: a) the catalytic reaction to obtain the desired product, b) the catalyst regeneration, and c) the separation of one of the reaction products. This has been achieved with several types of membrane, such as palladium membranes over ceramic hollow fibre [36] [37] or commercial palladium membranes over a porous metallic support [38] . Recent results for dry reforming of methane [39] show a two fold increase in hydrogen yield using TZFBR+MB, compared with a TZFBR, and also the capacity to achieve steady state operation under conditions where a conventional fluidized bed reactor was deactivated by coke. An additional advantage of TZFBR+MB is that the hydrogen that permeates through the membrane has a high purity.
New contributions to modelling of TZFBR
We used a mathematical model with constant bubble size in our first work on the modelling of TZFBR [2] . This is a clear simplification over the real situation in a fluidized bed, since the bubble size increase along the fluidized bed. This simplification was removed later [40] , thus providing a more realistic model . Otherwise the use of a TZFBR or a two sections-TZFBR implies a significant change in the gas and solid flow, compared with a conventional reactor. Therefore, additional studies have been carried out to achieve a better knowledge of the fluid-dynamic parameters. We found that it was possible to modify the classical models, describing the bubble size variation with height in a conventional fluidized bed, to predict these properties along a TS-TZFBR [41] . Another fundamental point for the modeling of the reactor is the transport of solid between zones. Solid mixing has been studied with phosphor particles [42] and using Particle Image Velocity (PIV) [43, 44] . These contributions to the knowledge of their fluid-dynamics provide a suitable basis for improved mathematical models of TZFBR.
2.4.
Overall comparison of performance Figure 3 gives an overview of the performance (yield to the desired product) achieved in TZFBR compared with the conventional Fluidized Bed Reactor (FBR). The time-on-stream selected for plotting FBR performances is t f (see fig. 2 ). This time corresponds to around 3 hours for most of the processes. Evidently, with regard to the most unstable processes (such as BDH, PDH or MA), the higher the time-on-stream the lower would be the obtained Y i value, and consequently a progressive displacement over time of related symbols in Fig. 3 to the left side of the graph could be expected. Regarding the Dry Reforming of Methane, there is not an increase in the hydrogen yield when TZFBR was used with respect to the FBR case. The reason was the stability found in the FBR at the selected experimental conditions, i.e., even though a net formation of coke is taking place in the bed, no clear decrease in activity is appreciated during the runs (t f ≈3h) , as it can be seen in Figure 2 , because the high spatial time. For this process, when hydrogen is removed by means of permselective membranes (TZFBR+MB) this stability can only be maintained thanks to the regenerating effect provided in the TZFBR. Otherwise, increased coke production due to the removal of hydrogen from the reacting atmosphere, would lead to a drastic drop in activity regardless the high spatial time. The huge effect of membranes on the yield to hydrogen can be clearly seen in Figure 3 . The higher the surface of membranes, and consequently the flow of hydrogen removed from the bed, the higher is the yield to hydrogen. So, in addition to providing a stable operation over time-on-stream, much higher hydrogen yields have been attained over the entire range of temperatures. Moreover, most of the hydrogen produced (around 70% for TZFBR+MB and around 85% for TZFBR +nMB configurations) is a permeate stream pure enough (negligible contents of CO) to be used in low temperature fuel cells for automotive applications.
3.
Future prospects Although the first description of a TZFBR can be traced back to a patent from 1976 [45] , no one is still employed industrially, at least with a clear purpose of creating two zones with different atmosphere with a different reaction in each zone. In some catalytic fluidized bed reactors, employed for selective oxidations, the oxygen is fed at the bottom and the hydrocarbon in an intermediate point; however, the aim seems to be only to avoid the premixing of reactants, for a safer operation. Factors that have hindered the industrial use of TZFBR could include: a) The perception of risk associated to feeding an oxygen containing gas to a vessel where hydrocarbons are also fed, b) The consideration of fluidized bed reactors as difficult to design in general, and even more for a new reactor where the gas and solid flow were unknown, c) The lack of expertise in this kind of reactors. Several factors can make easier the implementation of TZFBR in the industry in the future: a) The large number of reaction systems where TZFBRs have been tested in the last two decades, b) The improved knowledge of the gas and solid flow, which provides a tool for reactor upscaling. As explained in section 2.3, it has been shown that CFD models can predict the gas and solid flow. In addition, new correlations for gas and solid flow are available. c) The feasibility of using other gases different from oxygen in the lower zone of the reactor (e.g. water or CO 2 ), which avoids the concerns about the risks associated with feeding to a device a fuel and a gas containing oxygen, and d) the advantages that it could provide when combined with selective membranes, allowing a higher level in process intensification (reaction, catalyst regeneration, and products separation in the same vessel). As described in the introduction, some other groups have started to test the TZFBR as a suitable system for several reactions. All these factors pave the way for a first industrial application that could be the detonator for the implementation of TZFBR in a variety of processes. Parity plot for different processes comparing the yield (at time t f ) to the desired product (i) when using a TZFBR configuration vs. when a conventional FBR configuration was used. The symbols are the same as in Figure 2 ; in addition DRM+MB stands for Dry Reforming of Methane in TZFBR with membranes [38] and DRM+nMB is the same with twice the surface area of membranes inside the fluidized bed [52] . The data attached to the symbols represent the working temperature in ºC.
